The reelin gene encodes an extracellular protein that is crucial for neuronal migration in laminated brain regions. To gain insights into the functions of Reelin, we performed highresolution in situ hybridization analyses to determine the pattern of reelin expression in the developing forebrain of the mouse. We also performed double-labeling studies with several markers, including calcium-binding proteins, GAD65/67, and neuropeptides, to characterize the neuronal subsets that express reelin transcripts. reelin expression was detected at embryonic day 10 and later in the forebrain, with a distribution that is consistent with the prosomeric model of forebrain regionalization. In the diencephalon, expression was restricted to transverse and longitudinal domains that delineated boundaries between neuromeres. During embryogenesis, reelin was detected in the cerebral cortex in Cajal-Retzius cells but not in the GABAergic neurons of layer I. At prenatal stages, reelin was also expressed in the olfactory bulb, and striatum and in restricted nuclei in the ventral telencephalon, hypothalamus, thalamus, and pretectum. At postnatal stages, reelin transcripts gradually disappeared from Cajal-Retzius cells, at the same time as they appeared in subsets of GABAergic neurons distributed throughout neocortical and hippocampal layers. In other telencephalic and diencephalic regions, reelin expression decreased steadily during the postnatal period. In the adult, there was prominent expression in the olfactory bulb and cerebral cortex, where it was restricted to subsets of GABAergic interneurons that co-expressed calbindin, calretinin, neuropeptide Y, and somatostatin. This complex pattern of cellular and regional expression is consistent with Reelin having multiple roles in brain development and adult brain function.
Neuronal migration is an essential step in the genesis of the nervous system (Rakic, 1990; Hatten, 1993) . In the cerebral cortex, postmitotic neurons follow an ordered "inside-out" sequence of migration that determines the normal layering and cytoarchitectonics (Angevine and Sidman, 1961; Rakic, 1974 Rakic, , 1988 . Abnormal migration leading to malpositioning of cortical neurons results in severe cytoarchitectonic malformations with functional consequences manifested as cognitive deficits and mental retardation (C aviness and Sidman, 1973; Barth, 1987; Goffinet, 1992; Eksloglu et al., 1996; des Portes et al., 1998; Gleeson et al., 1998) .
Until recently, very little was known about the molecules that control neuronal migration. Previous studies implicated astrotactin and radial glia proteins associated with focal adhesions as molecules necessary for sustaining neuronal migration (Fishell and Hatten, 1991; Cameron and Rakic, 1994; Anton et al., 1996; Zheng et al., 1996) . Other analyses also implicated neuregulin/ ErbB2 (Anton et al., 1997; Rio et al., 1997) , the NMDA glutamate receptor (Komuro and Rakic, 1993 ), brain lipid-binding protein (Feng et al., 1994) , and netrin 1 (Serafini et al., 1996; Ackerman et al., 1997) in migration.
The reeler mutation causes severe migration abnormalities in many brain areas in the mouse, particularly in laminated regions such as the neocortex, hippocampus, and cerebellum (Caviness and Sidman, 1973; Mariani et al., 1977; Goffinet, 1980 Goffinet, , 1992 Derer, 1985; Rakic and Caviness, 1995) . reelin, the gene disrupted in the reeler mutation, encodes a large extracellular protein containing regions of similarity with F-spondin, restrictin, tenascin, and the integrin ␤-chain family (D'Arcangelo et al., 1995 Hirotsune et al., 1995) . Previous studies have shown that, in the cerebral cortex, reelin is expressed in the developing layer I by Cajal-Retzius (CR) cells (D'Arcangelo et al., 1995; Hirotsune et al., 1995; Ogawa et al., 1995; Nakajima et al., 1997) , which are a special class of pioneer neurons (Marín-Padilla, 1971 , 1972 , 1984 , 1998 Edmunds and Parnavelas, 1982; Derer and Derer, 1990, 1992; Soriano et al., 1994; Del Río et al., 1995 . The severe phenotype of the reeler mutant mouse and the finding that Reelin is necessary for the histotypic organization of reaggregation cultures (Ogawa et al., 1995) emphasize the relevance of this protein for neuronal migration. Moreover, Reelin influences the growth of hippocampal afferents, implying a role in axonal growth and guidance . The observation that mice lacking the cdk-5, p35, and mdab1 genes, which encode signal transduction-associated proteins, have migratory deficits similar to those in reeler (Oshima et al., 1996; Chae et al., 1997; Howell et al., 1997a,b; Sheldon et al., 1997; Ware et al., 1997) suggests that Reelin f unctions are mediated by as yet uncharacterized receptor(s) or Reelin-binding protein(s).
Two studies have mapped the pattern of expression of reelin during brain development (Ikeda and Terashima, 1997; Schiffmann et al., 1997) , emphasizing the lack of correlation between sites of reelin expression and the reeler phenotype. In addition, a recent study reports reelin mRNA and protein in GABAergic neurons of the adult cerebral cortex (Pesold et al., 1998) . To gain insight into the developmental f unctions of Reelin, here we used a digoxigenin-labeled riboprobe to provide high-resolution in situ hybridization analyses of the pattern of reelin expression in the forebrain of the mouse. We also performed double-labeling studies with several neurochemical markers to characterize the neuronal cell classes that express reelin.
MATERIALS AND METHODS
Animals. OF1 embryos and postnatal albino mice (Iffa Credo, Lyon, France) were used in this study. The mating day was considered embryonic day 0 (E0), and the day of birth was considered postnatal day 0 (P0). The following developmental stages were studied: E10, E11, E12, E14, E16, E18, P0, P5, P10, P15, P21, and adult (three to nine animals each). After ether anesthesia of the dams, E10 -E12 embryos were dissected out and fixed by immersion in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.3. Embryos older than E14 and postnatal animals were transcardially perf used with the above fixative, and their brains were post-fixed. Thereafter, the brains were cryoprotected in 30% sucrose and frozen on dry ice. Coronal, sagittal, and horizontal sections (thickness: 80 m, E10 -E12; 60 m, E14 -E18; 50 m, P0 -P10; 30 m, P15-adult) were collected in a cryoprotectant solution (30% glycerol, 30% ethylene glycol, 40% 0.1 M PBS), and stored at Ϫ30°C until use.
In situ hybridization and immunoc ytochemistr y. In situ hybridization was performed on free-floating sections essentially as described (de Lecea et al., 1994 (de Lecea et al., , 1997 . Sections were permeabilized in 0.2-0.5% Triton X-100 (15 min), treated with 2% H 2 O 2 (15 min), deproteinized with 0.2N HC l (10 min), acetylated with acetic anhydride (0.25% in 0.1 M triethanolamine hydrochloride; pH 8), fixed in 4% paraformaldehyde (10 min), and blocked in 0.2% glycine (5 min). Thereafter, sections were prehybridized at 60°C for 3 hr in a solution containing 50% formamide, 10% dextran sulfate, 5ϫ Denhardt's solution, 0.62 M NaC l, 10 mM EDTA, 20 mM PI PES, pH 6.8, 50 mM DTT, 250 g /ml yeast t-RNA, and 250 g /ml denatured salmon sperm DNA. A reelin riboprobe was labeled with digoxigenin-d-UTP (Boehringer Mannheim, Mannheim, Germany) by in vitro transcription of a cDNA fragment encoding mouse reelin (D'Arcangelo et al., 1995) using T3 polymerase (Ambion, Austin, TX). Labeled antisense cRNA was added to the prehybridization solution (500 ng /ml), and hybridization was performed at 60°C overnight. Sections were then washed in 2ϫ SSC (30 min, room temperature), digested with 20 mg /ml RNase A (37°C, 1 hr), and washed in 0.5ϫ SSC /50% formamide (4 hr, 55°C) and in 0.1ϫ SSC /0.1% sarkosyl (1 hr, 60°C). After sections were rinsed in Tris-buffered saline (TBS)/0.1% T ween 20 (15 min), they were blocked in 10% normal goat serum (2 hr) and incubated overnight with an alkaline phosphatase-conjugated antibody to digoxigenin (1:2000; Boehringer Mannheim). After they were washed, sections were developed with nitroblue tetrazolium (N BT) and 5-bromo-4-chloro-3-indolyl phosphate (BCI P) (Life Technologies, Gaithersburg, MD), mounted on gelatinized slides, and coverslipped with Mowiol.
Alternatively, hybridized sections were immunolabeled with different antibody cell markers after N BT/ BCI P development. After several washes in PBS, sections were incubated overnight with rabbit antibodies against calbindin (1:6000), calretinin (1:3000), parvalbumin (1:6000) (all from Swant antibodies, Bellizona, Switzerland), neuropeptide Y (N PY; 1:2000), vasoactive intestinal peptide (V I P; 1: 2000) (both from CRB, Northwich Cheshire, UK), somatostatin (1:1000; Dakkopats, Santa Barbara, CA) and cholecystokinin (CCK ; 1:2000, CRB). Primary antibodies were visualized using a biotinylated goat anti-rabbit antibody (1:200) and the avidin -biotin peroxidase complex (Vector Labs, Burlingame, CA). Peroxidase reaction was developed using diaminobenzidine and H 2 O 2 .
Double-labeling in situ hybridization. We performed double-label in situ hybridization on free-floating sections essentially as described (de Lecea et al., 1997) . Briefly, a cDNA fragment encoding mouse reelin (D'Arcangelo et al., 1995) was transcribed in vitro using T3 RNA polymerase (Ambion) and 35 S-UTP (Amersham Ibérica). The two isoforms of rat glutamic acid decarboxylase [GAD65 and GAD67, generously provided by Dr. Allan Tobin (University of C alifornia L os Angeles)] were labeled with digoxigenin-dUTP (Boehringer Mannheim) and T3 RNA polymerase. The tissue was pretreated as described above and 1.5 ϫ 10 7 cpm /ml of 35 S-labeled reelin mRNA and 50 ng /ml of digoxigenin-labeled GAD65 or GAD67 were added. After washing at high stringency in the presence of 10 mM ␤-mercaptoethanol, sections were incubated with the alkaline phosphatase-conjugated antibody and developed as described above. Sections were then mounted on coated slides and dipped in I lford K5 autoradiographic emulsion, exposed for 5 weeks at 4°C, and developed with Kodak D19.
GAD67 always gave a stronger signal than GAD65. However, the patterns of expression were so similar that both were considered as GAD65/67 expression.
Controls. Control hybridizations, including hybridization with sense digoxigenin-or 35 S-labeled riboprobes or RNase A digestion before hybridization, prevented alkaline phosphatase staining and autoradiographic signals above background levels. For immunocytochemical controls, omission of the primary antibodies prevented diaminobenzidine staining.
Data anal ysis. Sections were examined on a Z eiss Axiophot microscope (Oberkochen, Germany). The delimitation of regional and laminar boundaries was performed according to Sidman et al. (1971 Sidman et al. ( ), Z illes (1985 , and Paxinos et al. (1994) . The radial distribution of reelinexpressing cells and double-labeled neurons was determined in vertical strips (500 m wide) covering the entire cortical thickness in the first somatosensory area and in the hippocampus. For each neurochemical 
RESULTS
reelin transcripts were first detected at E10 both in the telencephalon and in the diencephalon. At E11-E12, there was an overall increase in the expression of reelin in many telencephalic and diencephalic regions (Table 1 , Fig. 1 ). Maximum levels occurred between E14 and P5, when prominent labeling was detected in the cerebral cortex, including the hippocampus, striatum, and olfactory bulb, and in discrete nuclei of the basal forebrain, thalamus, and hypothalamus (Table 2 , Fig. 2 ). Levels of expression were always higher in the cerebral cortex and olfactory bulb than in the remaining forebrain regions. In the cerebral cortex, expression was detected in the marginal zone -layer I, but also in cells in the cortical plate. Between P5 and P21, reelin expression decreased in all forebrain regions (Fig. 2) . In the adult, however, weak reelin signals persisted in the cerebral cortex and olfactory bulb and in some basal forebrain nuclei.
Early expression of reelin mRNA in the forebrain
The early distribution of reelin mRNAs is described according to the prosomeric model of forebrain organization (Table 1 ) (Puelles and Rubenstein, 1993) . reelin transcripts were always detected within differentiating fields, and no detectable signals were found in the germinal matrices. At E10, weak expression was observed in the surface of the alar plate at the rostral part of the secondary prosencephalon (Prosomeres 4 -6), corresponding to the presumptive olfactory bulb, neocortex, archicortex, and rhinencephalon (Table 1, Fig. 1 A) . At E11-E12, reelin expression became more intense in the olfactory bulb and telencephalon, where a band of heavily labeled cells covered the entire telencephalic vesicles, including the ventralmost aspects and the archicortex. In addition, variable levels of expression were found in the differentiated fields of the prospective medial septum /diagonal band complex, striatum, and amygdala. In the hypothalamic anlage, a longitudinal domain of strong reelin expression, roughly corresponding to the hypothalamic cell cord and posterior entopeduncular area, was observed. reelinexpressing cells were also found in the supraoptic /paraventricular area and in the anterior hypothalamus (Table 1, Fig. 1 B-F) .
No reelin transcripts were detected in the dorsal thalamus at E10 -E12. In contrast, reelin mRNA expression in the diencephalon roughly delineated the transverse boundaries between prosomeres ( Fig. 1 B, E, F ) . Thus, in the ventral thalamus, reelin hybridization signals were intense in the presumptive ventral lateral geniculate nucleus as well as in the zona limitans intrathalamica, two regions that delimit the dorsal thalamus (Prosomere 2)/ventral thalamus (Prosomere 3) boundary. reelin hybridization was also detected in the presumptive reticular nucleus and in the zona incerta (ventral thalamus). In addition, very faint expression was found in the differentiated fields of the epithalamus (dorsal region of Prosomere 2) ( Table 1) .
Two transversal domains of expression were found in the pretectum at E11-E12 that corresponded to the boundary between the presumptive dorsal thalamus (Prosomere 2) and the pretectum (Prosomere 1), and to the boundary between the pretectum and the mesencephalon (diencephalon/mesencephalon boundary). Here, reelin was expressed in a band of superficial neurons running along the posterior commissure (Mastick and Easter, 1996) (Fig. 1 B, C) .
In summary, at E10 -E12 reelin transcripts are expressed in spatially restricted transverse and longitudinal domains in the alar plate of the secondary prosencephalon (Prosomeres 6 -4) and in the prospective diencephalon (Prosomeres 1-3).
reelin mRNA expression in the developing marginal zone-layer I of the neocortex A major site of reelin expression was the marginal zone-layer I of the cerebral cortex [see also D'Arcangelo et al. (1995) ; Hirotsune et al. (1995) ]. At E11-E12 (preplate stage), reelin transcripts were detected in a thin layer of cells at the cortical surface that corresponded to the outermost aspect of the preplate, where the CR cells are located (Marin-Padilla, 1972; Derer and Derer, 1990; De Carlos and O'Leary, 1992; Del Río et al., 1995) . These positive cells were arranged in a continuous band that covered the entire telencephalic vesicles, including the prospective neocortex, hippocampal region, entorhinal cortex, and piriform area, but also the anlage of the septal region ( Fig. 1 D,E) . At E14, when the cortical plate has emerged, reelin-expressing cells were present exclusively in the outer half of the marginal zone-layer I (Fig.  2 A) . These intensely labeled cells had large perikarya and horizontal shapes. The pattern of hybridization in the marginal zonelayer I of the neocortex remained essentially similar at E16 -P0, with intensely labeled cells in the outer half of this layer (Figs. 2 B,C, 3A).
To substantiate the notion that these neurons were CR cells, reelin hybridized sections were treated with calretinin antibodies, a marker for murine CR cells (Del Río et al., 1995 . At E14, most reelin-positive neurons were also calretinin-positive, but a few cells exclusively displayed reelin labeling, suggesting that reelin expression precedes calretinin staining (data not shown). At E16 -P0 there was a complete colocalization of reelin mRNA and calretinin, with double-labeled neurons displaying the typical features of murine CR cells (see Fig. 4 
A,B,E).
We also stained reelin hybridized sections with calbindin antibodies, which label the intrinsic population of GABAergic neurons in the marginal zone-layer I located at the deeper half of this layer (Del Río et al., 1992 Brunstrom et al., 1997) . At no stage (E14 -P0) did calbindin-positive neurons in layer I express reelin (see Fig. 4C ). This notion was substantiated by double-hybridization staining with reelin and GAD65/67 riboprobes. At prenatal stages, GAD65/67 hybridization faintly labeled a band of neurons in the inner marginal zone (see also LGE, lateral ganglionic eminence; LH, lateral hypothalamus; lo, lateral olfactory tract; LV, lateral ventricle; mf b, medial forebrain bundle; MGE, medial ganglionic eminence; mi, lamina cellularum mitralium; Pir, piriform cortex; PO, preoptic area; RT, reticular thalamic nucleus; SP, subplate; VZ, ventricular zone; ZI, zona incerta. Scale bar, 500 m.
reelin expression in the developing marginal zone of the hippocampus
At E12-E14 the hippocampal region displayed strong reelin expression (Figs. 1 D, 2A). At these stages, when the hippocampal plate (prospective pyramidal layer) has still not emerged, labeled neurons were seen in the outermost layer. At E16, when the typical layering of the hippocampus and the primordium of the dentate gyrus are visible, heavily labeled neurons were abundant in the outer marginal zone (prospective stratum lacunosum-moleculare) just below the hippocampal fissure. In addition, a second population of weakly stained cells was present in other hippocampal layers, such as the inner marginal zone, and in the subplate (prospective stratum radiatum and stratum oriens, respectively).
At E18 -P0 and at early postnatal stages, the pattern of reelin expression remained the same, with the following exceptions. First, as development of the dentate gyrus proceeded, increased numbers of intense reelin-positive neurons were detected in the outer molecular layer; indeed, at P5-P10, when the late-formed dentate infrapyramidal blade emerges, a band of reelin-positive cells appeared in the outer molecular layer of this blade below the pia. Second, the number of reelin-expressing neurons in the stra- tum radiatum and oriens increased at perinatal stages, and labeled cells were also observed in the dentate hilar region from P0 onward (Figs. 2 B-D, 3B,D) . Double-labeling analyses with calretinin antibodies revealed a complex pattern of colocalization in the prenatal hippocampus. At E14 three layers of cells were distinguished in the preplate: an outer band formed by cells solely expressing reelin mRNA, a middle layer composed by neurons co-expressing reelin and calretinin, and an inner band of neurons positive only for calretinin (see Fig. 5D ). These reelin-negative/calretinin-positive cells might correspond to calretinin-immunoreactive neurons other than CR cells (e.g., subplate or CA3 pyramidal neurons). At E16 -P0, in contrast, there was complete colocalization of reelin and calretinin in the outer marginal zone, with double-labeled neurons having horizontal cell bodies and dendrites and corresponding to CR cells (see Fig. 5E ) Del Río et al., 1995 .
Sections from E18 embryos simultaneously hybridized with reelin and GAD65/67 riboprobes revealed faint GAD65/67-positive neurons in the stratum radiatum and stratum oriens, but not in the outer marginal zone. Consistent with the nonisotopic hybridization observations (see above), the GAD65/67-positive neurons in the stratum radiatum and stratum oriens displayed weak autoradiographic signals corresponding to reelin mRNA (see Fig. 5A -C). Some of these reelin-positive neurons were immunoreactive for calbindin and calretinin, which label subpopulations of nonpyramidal neurons in these layers (see below). Taken together, these findings show that reelin is highly expressed in GAD65/67-negative CR cells of the hippocampus and that, as in the neocortex, the onset of reelin expression in these neurons precedes that of calretinin. In addition, some GAD65/67-positive neurons located in the prospective radiatum and oriens strata express low levels of reelin from E16 onward.
Expression of reelin mRNA in layer I and stratum lacunosum-moleculare at postnatal and adult stages Neocorte x At P5, reelin was still heavily expressed in many cells in layer I (Fig. 3C) . In contrast to previous ages, double-labeling studies revealed a complex pattern of expression in which reelin/ calretinin-positive neurons constituted about half the reelin population of layer I (104 of 181 cells, 57%), and the remaining neurons expressed only reelin (Fig. 4 F) . Furthermore, doublehybridization analyses revealed expression of reelin in both GAD65/67-positive and -negative neurons (Fig. 4G, H ) . These observations indicate that at P5, the earliest stage of CR cell disappearance (Derer and Derer, 1990; Del Rio et al., 1995 , reelin mRNAs are expressed both in CR cells and in a subpopulation of GABAergic neurons in layer I.
At subsequent ages (P10, P15, P21, and adult) reelin signals decreased steadily, although substantial numbers of faintly labeled neurons were observed in layer I (Fig. 3E) . Studies with calretinin antibodies showed progressively fewer double-labeled neurons at these postnatal stages, with most neurons expressing only reelin. In contrast, at P21 and adult stages, all reelinexpressing neurons in layer I also co-expressed GAD65/67 mRNAs (Fig. 4 I-K ) . These findings indicate that reelin-positive neurons in the late postnatal and adult layer I belong to the GABAergic neurons intrinsic to this layer.
Hippocampus
Similar, but delayed, changes in the pattern of reelin expression were seen in the molecular layer/stratum lacunosum-moleculare of the hippocampus at postnatal stages. Thus, reelin expression was still high at P5-P15 in hippocampal CR cells, whereas at P21 there was a marked reduction both in the intensity of reelin labeling and in the number of double-labeled calretinin-positive neurons in the outer molecular layer/stratum lacunosummoleculare (Figs. 3D,F, 5F,K ). Most such double-labeled neurons, presumably CR cells, persisted in the adult hippocampus, displaying small sizes.
As in the neocortex, reelin expression was also detected from P5 onward in calretinin-negative, non-CR cells in the molecular layer/stratum lacunosum-moleculare. These cells expressed GAD65/67 mRNAs at both postnatal and adult stages (Fig. 5G-J ) . In the adult, reelin/GAD65/67-positive neurons represented ϳ25% of the population of reelin-expressing cells in the molecular layer/stratum lacunosum-moleculare (34 of 138 cells). These findings show that from P5 onward reelin transcripts are expressed in a population of GABAergic neurons present in the derivatives of the hippocampal marginal zone and that, in contrast to the neocortex, reelin expression persists in a small subpopulation of CR cells that appear to survive to adult stages.
Expression of reelin mRNA in the derivatives of the cortical plate in the developing and adult cerebral cortex Neocortex A band of reelin-expressing neurons emerged in layers V and VI of the neocortex at E18 (Fig. 3A) . This band was formed by weakly labeled neurons that were widely distributed throughout the rostrocaudal and mediolateral axes of the cerebral cortex. At P0 -P5, reelin expression became more prominent in layers VI-V, and a few positive neurons were also seen in the dense cortical plate (layers II-IV) (Figs. 2C, 3C ). In the early postnatal mouse, calbindin and calretinin antibodies label subpopulations of both pyramidal cells in layers V-V I and nonpyramidal neurons throughout the cortex (Del Rio et al., 1995 Rio et al., , 1996 . Both neuronal groups, however, could be distinguished on the basis of their characteristic perikaryal shapes and dendritic orientations. Colocalization studies showed that at P0 -P5, reelin transcripts were expressed in subsets of calretinin-and calbindin-immunoreactive neurons exhibiting multipolar shapes and corresponding to nonpyramidal neurons. There were also many immunoreactive nonpyramidal neurons that did not express the reelin message. In contrast, reelin mRNA was never detected in immunoreactive pyramidal neurons (Fig. 6 A-C) , which is consistent with the finding that virtually all reelin-positive cells in layers VI-II expressed GAD65/67 at P5 (data not shown).
Subsequently (P10, P15, P21, and adult) there was a progressive decrease in the levels of reelin expression. However, many positive neurons were present throughout the cortical layers, with a higher density in layers V I-V and I, in P21, and in adult sections (Fig.  3E) . No remarkable differences were noticed between different neocortical areas in the adult cerebral cortex. Colocalization analyses showed that virtually every reelin-positive neuron present in layers V I-II also expressed GAD65/67 mRNA, confirming that reelin transcripts in the adult neocortex are expressed in subsets of GABAergic interneurons (Figs. 4 J 
,K, 6G,H ).
To determine whether reelin was expressed by particular classes of nonpyramidal neurons in the adult neocortex, a detailed colocalization analysis was performed using antibodies against the calcium-binding proteins parvalbumin, calretinin, and calbindin, as well as against the neuropeptides N PY, somatostatin, VIP, and CCK (Figs. 6 D-F, 7) . These antibody markers label distinct, although partially overlapping, subpopulations of cortical interneurons (de Felipe, 1993; Freund and Buzzáki, 1996; C auli et al., 1997) . Studies were focused on the primary somatosensory barrel cortex, but similar patterns of colocalization were observed in other cortical areas. No reelin transcripts were detected either in the granule cells of layer IV or in the pyramidal cells of layers II-III, which are weakly stained with calbindin antibodies. reelin was expressed only very rarely in parvalbumin-, cholecystokinin-, or VIP-positive interneurons (e.g., 2 of 710 parvalbumin-positive cells). In contrast, reelin-positive cells showed variable degrees of colocalization with the subpopulations of calretinin-, calbindin-, NPY-, and somatostatin-immunoreactive neurons. Although reelin and calretinin or N PY colocalized mainly in the supragranular layers, most double-labeled calbindin-positive neurons were located in layers V and VI (Fig. 7) .
reelin mRNA did not colocalize with the entire subpopulation of immunoreactive neurons for any antibody marker. Thus, reelin was found in low percentages (Ͻ20%) of calbindin-and calretinin-immunoreactive neurons, whereas about half the NPYand somatostatin-positive neurons co-expressed reelin message in layers II-III and IV (Fig. 7) . In no cortical layer did the sum of double-labeled neurons account for the total number of reelinpositive neurons. For instance, in layers II-III and IV, in total only ϳ80% of the reelin-positive neurons were double-labeled with the different antibody markers. Taken together, these observations demonstrate that reelin transcripts are expressed in a heterogeneous population of cortical nonpyramidal neurons.
Hippocampus
At P5-P15 there were many weakly labeled reelin-positive neurons in the hippocampus outside the molecular layer/stratum lacunosum-moleculare that persisted to P21-adult stages. These neurons were distributed throughout the layers, but they were more abundant in the hilus and stratum oriens (Fig. 3F ) . As in the neocortex, these neurons co-expressed GAD65/67 transcripts (data not shown), indicating that they are GABAergic nonpyramidal interneurons. reelin transcripts were not detected in the principal pyramidal and granule cells of the hippocampus at any postnatal stage or in the adult. Double-labeling analyses performed on hippocampal sections from P21 and adult mice showed that, similar to the neocortex, reelin was rarely expressed in the subpopulations of parvalbumin-, CCK-, and VIP-immunoreactive neurons (1-6% colocalization). In contrast, variable numbers of calretinin-(104 of 140, 58%), calbindin-(25 of 185, 14%), somatostatin-(138 of 185, 75%), and NPY-(20 of 66, 30%) immunoreactive neurons expressed reelin (Figs. 6 I, 8) . These double-labeled neurons were scattered throughout the hippocampal layers but were especially abundant in the stratum oriens and in the hilus. In these layers most somatostatin-immunoreactive neurons displayed reelin signals. These observations indicate that in both the developing and adult hippocampus, reelin is expressed in distinct subpopulations of GABAergic nonpyramidal neurons.
reelin expression in the developing and adult piriform and entorhinal cortices
The developmental pattern of reelin expression in the piriform and entorhinal areas (paleocortex) paralleled, to a large extent, that in the neocortex, in both the temporal and laminar patterns of expression (Tables 1, 2) . Thus, during embryogenesis, reelin mRNA was detected mainly in the marginal zone -layer I, where immunocytochemical analyses with calretinin antibodies confirmed expression of reelin in CR cells (data not shown). From E16 onward, reelin was expressed in neurons scattered throughout the cortical layers, which were still present in the adult. As in the adjacent neocortex, these neurons expressed markers typical for cortical interneurons, including GAD65/67 mRNAs and calciumbinding proteins (data not shown).
A particular feature of these cortical regions was the expression of reelin mRNA in a narrow band of neurons located below layer I, corresponding to layer II. reelin expression in these neurons started at E16, was maximal at early postnatal stages, and persisted in the adult brain (Figs. 2 B,C, 9G) . At no time did these reelin-positive neurons express GAD65/67, nor were they positive for any of the antibody markers that label cortical interneurons. We conclude that the pyramidal neurons located in layer II of the piriform and entorhinal cortices express reelin transcripts in both the developing and adult brain, in addition to GABAergic interneurons.
Pattern of reelin expression in the olfactory bulb, basal forebrain, and hypothalamus

Olfactor y bulb
The olfactory bulb was a site of prominent reelin expression. From E12 onward, reelin mRNA was highly expressed in a circular band of cells, which corresponded to the mitral cell layer (Fig.  9A-C) . reelin was expressed in mitral cells at high levels during the prenatal period and the first postnatal week, and it decreased thereafter to adult levels. Double-labeling experiments confirmed that reelin-positive cells in this layer did not express GAD65/67 mRNA ( Fig. 9D-F) and that most of them were immunoreactive for calretinin, as corresponds to the mitral cells (data not shown).
A second site of reelin expression appeared in the olfactory bulb from P5 onward, at the innermost part of the glomerular layer (lamina granularis externa) (Fig. 9B,C) . Here, reelin expression was found in a subset of neurons that did not express GAD65/67 mRNA (Fig. 9E,F ) or display calcium-binding protein immunostaining. In the adult olfactory bulb, reelin transcripts were still detectable, but at lower levels, in mitral neurons and in a subset of periglomerular neurons located in the area just opposite the mitral cell layer (lamina granularis externa). reelin was not expressed at any stage in the olfactory subventricular zone or in the rostral migratory stream and the caudal subventricular zone, which generate olfactory interneurons throughout postnatal and adult life (Luskin, 1993; Lois and Alvarez-Buylla, 1994; Jankovski and Sotelo, 1996; Lois et al., 1996) .
Basal forebrain
At E11-E12, heavily labeled reelin-positive cells were located throughout the surface of the ventral telencephalon, including the prospective septal area (Fig. 1 D,E) . From E14 onward, reelin expression increased steadily in many basal forebrain areas to peak at E18 -P0, decreasing thereafter by P5-P10 (Fig. 2 A-D) . Prominent sites of expression included the prospective caudateputamen, the amygdaloid complex, the medial septum/diagonal band complex, and the taenia tecta/olfactory tubercle. reelin hybridization signals were found to be unevenly distributed in the caudate-putamen, which showed patches of higher expression, especially near the subcortical white matter. reelin-expressing cells were also found transiently in many other basal forebrain areas such as the lateral septum, the accumbens nucleus, the preoptic area, the bed nucleus and stria terminalis, and the entopeduncular area/internal capsule. In contrast, other regions, such as the globus pallidus, never displayed hybridization signals. Despite the widespread distribution of reelin message during development, only a few neurons exhibiting weak reelin expression were detected in the adult in the medial septum/diagonal band complex and in the amygdaloid region. 
Hypothalamus
From E14 onward, reelin expression steadily increased in many hypothalamic structures. The paraventricular hypothalamic nucleus was a site of prominent reelin expression, but hybridization signals were also found in the anterior, lateral, and supraoptic hypothalamic divisions. reelin expression in these regions peaked at birth and decreased from P5 on until the adult stage, when it was no longer detectable (Figs. 2 B, D, 10C,D) . reelin mRNA expression in the developing diencephalon
In the epithalamus, the paraventricular epithalamic nucleus and the medial habenular complex showed medium levels of reelin expression from early stages (E12) until P5 and P21, respectively ( Table 2 ). The dorsal thalamus remained largely devoid of reelin expression at any time.
At E12-E14 in the ventral thalamus, prominent reelin expression was found in the reticular nucleus, zona incerta, zona limitans intrathalamica, and ventral lateral geniculate nucleus (Figs.  1 B, F, 10A,B) . As development proceeded, reelin expression in the ventral thalamus became mostly restricted to the zona limitans intrathalamica (f uture external medullary lamina) and the ventral lateral geniculate nucleus, reaching a peak between E18 and P5. L ow levels of expression were also found in the reticular nucleus and zona incerta up to E16 and P10, respectively. reelin expression in the ventral thalamus decreased from P5 onward, so that by P21 only a few positive cells could be seen in the ventral lateral geniculate nucleus. No reelin transcripts were detected in the adult ventral thalamus (Figs. 2 B-D, 10 C,D) .
In the pretectum, the anterior and olivary pretectal nuclei and the nuclei related to the posterior commissure showed prominent reelin expression during embryonic and early postnatal development (Figs. 2C, 10E) . From P10 onward, expression decreased in these regions, and only a few faintly labeled reelin-expressing cells were seen in the adult.
DISCUSSION Early reelin mRNA expression and regionalization of the prosencephalon
The domains of reelin expression in the diencephalon of early embryos are coincidental with three neuromeric boundaries as proposed in the prosomeric model of forebrain regionalization (Puelles and Rubenstein, 1993) . The onset of reelin expression in these boundaries (as early as E10) occurs at the time when the precocious patterns of neuronal regionalization and the earliest neural connections are being formed in the diencephalon, which may suggest a role for Reelin in these processes.
It has been suggested that neuromeric boundaries ultimately provide positional information required for the migration of neurons and for the navigation of their axons, acting either as barriers or as regions of preferential growth (Wilson et al., 1993; Chedotal et al., 1995; Mastick and Easter, 1996; K itamura et al., 1997; Mastick et al., 1997) . In fact, some regulatory genes such as pax 6 regulate the expression of specific cell adhesion molecules and extracellular proteins such as L1 and R-cadherin (Chalepakis et al., 1994; Stoykova et al., 1997) . Thus, despite the apparent lack of gross morphological abnormalities in the diencephalon of adult reeler mice (C aviness et al., 1988) , f urther analyses in mutant embryos are needed to determine the contribution of Reelin to early brain regionalization, given the f unction of this protein in axonal growth (see below).
reelin mRNA expression in Cajal-Retzius cells
Our colocalization data show that, at prenatal stages, reelin expression in layer I is restricted to CR cells. From P5 onward, reelin expression decreases in calretinin-positive CR cells, at the same time that GAD65/67-positive neurons express reelin. There are at least two possible explanations for these findings. (1) CR cells disappear by cell death as reelin expression begins in GAD65/67-positive neurons, and (2) CR cells lose calretinin expression and adopt a new GABAergic phenotype. The timing of reelin loss in CR cells (P5-P15) is consistent with the period of CR cell death (Derer and Derer, 1992; Del Río et al., 1995 . Also, if the GABAergic neurons of the adult layer I were transformed CR cells, they should have been born at early stages of corticogenesis (E10 -E11 in the mouse) because CR cells are the earliest cortical neurons to become postmitotic (Derer and Derer, 1992; Del Río et al., 1995) . However, the GABAergic neurons of layer I are generated steadily throughout the period of neurogenesis (E11-E17 in the mouse) (Fairén et al., 1986) . Thus, these data support the view that most reelin-positive CR cells disappear by cell death and that GABAergic interneurons express reelin postnatally.
A similar process of disappearance, although less dramatic, may hold true for CR cells in the hippocampus. For instance, reelin-positive CR cells are still abundant in the stratum lacunosum-moleculare at P15 and P21, whereas they decrease in the adult hippocampus. Such a late loss of reelin expression correlates with previous quantitative studies using BrdU labeling and calretinin immunostaining, which indicate that hippocampal CR cells disappear between P15 and adult stages (Del Río et al., 1996; Supèr et al., 1998) . Also, the persistence of relatively large numbers of calretinin-positive neurons in the adult stratum lacunosum-moleculare expressing reelin is consistent with quantitative data showing that up to 30% of hippocampal CR cells may survive in the adult hippocampus (Supèr et al., 1998) . Because CR cells express neurotrophin receptors and appear to be responsive to BDNF (Marty et al., 1996; Brunstrom et al., 1997) , the late and reduced loss of CR cells in the hippocampus might be related to the high expression of neurotrophic factors in this region or to certain developmental peculiarities, such as the prolonged postnatal neurogenesis of granule cells (Bayer, 1980) .
reelin and neuronal migration in the cerebral cortex
The observation that reelin is expressed in most laminated forebrain regions is consistent with the notion that Reelin is essential for ordered neuronal migration and the normal arrangement of neurons in layers (D'Arcangelo et al., 1995; Ogawa et al., 1995) . The present study shows that at E11-E18 reelin is expressed exclusively by CR cells in layer I, whereas at later stages prominent expression also occurs in middle cortical layers, especially in layers V and VI. The time of reelin expression in these layers (E18 on) is coincident with the period of neuronal migration for layers IV and II-III (Angevine and Sidman, 1961; Caviness, 1982; Fairén et al., 1986; Bayer and Altman, 1991) , indicating that this second site of Reelin production may also contribute to the generation of the reeler phenotype.
CR cells have been implicated in the regulation of the radial glia phenotype . However, Reelin is not the essential factor regulating the radial glia phenotype (Pinto-Lord et al., 1982; Hunter and Hatten, 1995; Hunter-Schaedle, 1997; Soriano et al., 1997) . The migratory deficits in the reeler cerebral cortex are quite different from those in other migration abnormalities, such as lissencephaly (Reiner et al., 1995; Ecksloglu et al., 1996 ; des Portes et al., 1998; Gleeson et al., 1998) . In fact, in Figure 9 . A-C, Low-power photomicrographs showing the patterns of reelin expression in the olfactory bulb at P0, P5, and P21. D, Double-labeled (radioactive and nonradioactive ISH) section illustrating the lack of colocalization between reelin mRNA (silver grains, mitral cells) and GAD67 expression (black, granule cells) in the olfactory bulb at E18. E, Photomicrograph showing the bilaminar distribution of reelin-expressing cells in the olfactory bulb at P21. F, Dark-field image of a double-labeled preparation (radioactive and nonradioactive ISH) of a field similar to that in E, showing the lack of colocalization between reelin mRNA (white labeling, silver grains) and GAD67 mRNA (black) in the olfactory bulb (Figure legend continues) reeler mice, migrating neurons appear to migrate successfully through the intermediate zone before reaching the cortical plate (Goffinet, 1979; C aviness, 1982; Pinto-L ord et al., 1982; Rakic and Caviness, 1995) . Thus, the exit of migrating neurons from the ventricular zone and their initial migration through the intermediate zone appear to be largely Reelin independent.
It has been suggested that Reelin may provide a stop signal during development (Ogawa et al., 1995; Frotscher, 1997) . However, the expression of reelin in middle cortical layers seems to be inconsistent for Reelin having such a role, at least for migrating neurons. Recent studies have implicated some attractive and repellent diff usible molecules, such as netrin-1 and semaphorin III, in the guidance of migrating neurons (Behar et al., 1996; Hu and Rutishauser, 1996; Serafini et al., 1996; Ackerman et al., 1997) . We have shown previously that in culture experiments CR cells exert a chemoattractive influence on migrating cerebellar granule cells . Because all migrating cortical neurons migrate toward layer I, CR cells secreting Reelin are in a suitable location to exert such a directional influence. Although Reelin is probably too large to diff use long distances, proteolytic processing might yield active soluble peptides of smaller sizes. If this is the case, the expression of reelin in middle cortical layers from E18 on might contribute efficiently to the generation of a Reelin gradient, especially as corticogenesis progresses and the cortex becomes thicker (D'Arcangelo and Curran, 1998).
Other putative functions of Reelin in neural development: axonal growth
We have recently shown that Reelin modulates the development of some hippocampal connections. Because this pathway does form in reeler mice, Reelin seems not to be essential for the ingrowth of these fibers, although it does regulate axonal branching and extension and synaptogenesis .
In agreement with Schiffmann et al. (1997) , there is a lack of correlation between some brain regions expressing reelin and the morphological abnormalities described in reeler mice. For instance, there is prominent reelin expression in the striatum, septum, and hypothalamus, regions in which previous studies failed to find cytoarchitectonic alterations in reeler mutant mice (Caviness et al., 1988) . One explanation is that alterations to cell arrangement in these nuclei are too small to be detectable. Another possibility is that in these areas Reelin may play roles other than in cell migration.
The present study shows that in both embryonic and early postnatal periods, reelin expression is frequently associated with developing axonal tracts. For example, the dorsal thalamus/ventral thalamus boundary (zona limitans intrathalamica) gives rise to the external medullary lamina and the mammillothalamic tract, and the diencephalon /mesencephalon contains the neurons that pioneer the posterior commissure (Mastick and Easter, 1996; Kitamura et al., 1997) . Similarly, in the telencephalon, reelin transcripts are present in cells located within developing olfactory-related pathways, including the lateral olfactory tract, the taenia tecta, the bed nucleus of the stria terminalis, and the medial forebrain bundle, and also in the entopeduncular area forming the internal capsule. Thus, the patterns of expression described in the present study are consistent with Reelin having a role in axonal growth or pathfinding, as proposed for other extracellular matrix proteins (Dorries et al., 1996; Gotz et al., 1996 Gotz et al., , 1997 Faissner et al., 1997) .
reelin expression in GABAergic neurons of the adult cerebral cortex
A relevant finding of the present study is that reelin expression continues in the adult forebrain, which suggests the participation of Reelin in functions other than neural development. In the adult cerebral cortex, including the hippocampus, reelin expression is restricted to a subset of GABAergic local-circuit neurons, in agreement with the recent study of Pesold et al., (1998) . Cortical GABAergic interneurons are subdivided into a large number of different cell types (de Felipe, 1993; Freund and Buzzáki, 1996; Cauli et al., 1997) . The lack of colocalization of reelin and parvalbumin indicates that reelin is not expressed in basket or chandelier cells. In contrast, significant, although variable, percentages of interneurons immunoreactive for calbindin, calretinin, and the neuropeptides NPY and somatostatin express reelin. These interneurons form a rather heterogeneous population, but most of them are known to form inhibitory synaptic contacts on the dendritic domains of the principal neurons and thus are believed to exert a modulatory role on the principal neurons (de Felipe, 1993; Freund and Buzzáki, 1996) .
We can only speculate about the functions of Reelin in the adult cerebral cortex. Some studies report that the cell bodies of certain cortical interneurons are covered by a rich extracellular matrix that may serve to anchor soluble molecules such as trophic factors (Celio and Blumcke, 1994) . It is interesting to note that some neurotrophic factors, such as NGF and NT-3, are preferentially expressed by GABAergic interneurons in the adult cerebral cortex, and that subsets of these interneurons also express TrkB and TrkC receptors (Marty et al., 1996; Rocamora et al., 1996) . Also, it is becoming increasingly clear that the biochemical machinery responsible for synaptic plasticity in GABAergic interneurons is substantially different from that in pyramidal cells (Maccaferri et al., 1998; Sik et al., 1998) .
Permanent reelin mRNA expression in the olfactory bulb
Another region of prominent reelin expression in the adult is the olfactory bulb, with hybridization signals in mitral neurons and in some periglomerular neurons. Olfactory neurons are generated during the postnatal period and over the life-span of the animal. Progenitors fated to the olfactory bulb are located in the caudal telencephalic subventricular zone, so that migrating neurons move toward the olfactory bulb along a long rostral migratory pathway (Luskin, 1993; Lois and Alvarez-Buylla, 1994; Jankovski and Sotelo, 1996; Wichterle et al., 1997) . The lack of reelin expression in the rostral migratory pathway suggests that this migration is Reelin independent, which agrees with studies reporting the presence of granule cells and periglomerular neurons in the olfactory bulb of reeler mice (Caviness and Sidman, 1972) . 4 at P21. G, H, Distribution of reelin-expressing cells in the basal forebrain at P0. Acb, Nucleus acumbens; Amg, amygdala; AOB, accessory olfactory bulb; CPu, caudate-putamen; fi, lamina fibrorum; gl, lamina glomerulosa; GP, globus pallidus; gre, lamina granularis externa; gri, lamina granularis interna; HDB, horizontal limb of the diagonal band; lmi, lamina medularis interna; lo, lateral olfactory tract; LS, lateral septum; mf b, medial forebrain bundle; mi, lamina cellularun mitralium; MS, medial septum; obn, olfactory bulb neuroepithelium; Pir, cortex piriformis; ple, lamina plexiformis externa; pli, lamina plexiformis interna; PO, preoptic area; Tu, olfactory tubercle; VDB, vertical limb of the diagonal band. Scale bars: A-C, G, H, 500 m; D-F, 100 m. , entopeduncular area (EP), reticular nucleus/zona incerta (RT/ZI ), ventral lateral geniculate nucleus (VLG), and anterior hypothalamic nucleus (AH ). C, At E16, reelin is expressed in the VLG, zona limitans intrathalamica (zli), and paraventricular hypothalamic nucleus (PA); D, At E18, reelin mRNA is expressed in the medial habenula (MHb), VLG, zona limitans intrathalamica /external medullary lamina (zli/eml ), and PA; lower expression levels are detected in several other nuclei. E, reelin expression in the pretectum at P0. APT, Anterior pretectal nucleus; CP u, caudate-putamen; DT, dorsal thalamus; ic, internal capsule; LH, lateral hypothalamus; LHb, lateral habenula; lo, lateral olfactory tract; lv, lateral ventricle; OPT, olivary pretectal nucleus; pc, posterior commissure; PrC, nuclei of the posterior commissure; PV, paraventricular thalamic nucleus; RCH, retrochiasmatic area; VT, ventral thalamus; 3v, third ventricle. Scale bar, 250 m.
However, some of these neurons appear mispositioned in these mutants, which suggests a local action of olfactory bulb-derived Reelin in the last radial migratory phase of the neurons fated to the adult olfactory bulb.
The mature olfactory bulb is also a site of high synaptic growth and remodeling because of the neuroepithelial cell turnover and the inherent reinnervation of the glomeruli. Thus, it is possible that Reelin produced by periglomerular neurons may have a role in adult axonal growth, synaptogenesis, and plasticity.
In conclusion, the present study has shown complex regional and cellular patterns of reelin expression in the developing forebrain of the mouse, which are consistent with Reelin playing distinct roles in neural development. In addition, the finding that reelin is expressed in a subset of GABAergic local-circuit neurons in the adult cerebral cortex suggests novel, yet unknown, roles of Reelin in the normal f unctioning and neural plasticity in the adult brain that merit f urther investigation.
